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FISSION-FRAGMENT-INDUCED HELIUM 
BLISTERING OF 252 Cf~EXPOSED SURFACES 

By 

W. R. McDonell 

Savannah River Laboratory 
E. I. du Pont de Nemours and Company 
Aiken, South Carolina 29801 

ABSTRACT 

Inner surfaces of a Pt-10% Rh capsule exposed at room 

temperature to alpha particles and fission fragments in a large 

252Cf source showed many small blisters, with elongated con-

figurations in some areas. Formation or the blisters was attributed 

to the fission-fragment-induced agglomeration of helium implanted 

by the alpha particles, coupled with a stress relieving transport 

of lattice atoms displaced by the fission fragments into the 

blister walls. Lateral and vertical elongation of the blisters 

resulted from concentration gradients of implanted helium and dis-

placed atoms along the capsule wall. Although no significant 

deterioration of the 252Cf capsule resulted, the observed blistering 

*The information contained in this article was developed during 
the course of work under Contract No. AT(07-2)-l with the U.S. 
Department of Energy. 



could have important consequences for materials applications 

in other complex radiation environments. 

INTRODUCTION 

Implantation of a high concentration of helium causes severe 

surface blistering of materials in some radiation environments. 1 

Surface blistering is of major consequence, for example, for 

materials in thermonuclear fusion reactors, which produce large 

numbers of helium ions, among other radiations. 2
' 3 The effects 

of helium implantation on thermonuclear reactor materials are 

being investigated in several programs by exposure of the materials 

to helium ions from particle accelerators. 4
'

5
' 6 

Container materials for such short-lived transuranium nuclides 

as 242 Cm and 252 Cf may also be implanted with high c'oncentrations 

of helium, because of the large number of alpha particles these 

nuclides emit, and the effects of helium implantation on materials 

exposed to the radionuclide alpha particles are also being investi

gated.7'8 Previous studies have demonstrated that container 

materials expusetl Lo alpha particles from 242 Cm were nnt. hl i.stered 

at room temperature, although postexposure heating produced porous 

surface layers on. the materials. 7 This report summari~es results 

of exposure of container materials to the combined alpha particle 

and fission fragment radiations from 252Cf. 
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BACKGROUND 

Surface blistering by high concentrations of helium is 

generally attributed to agglomeration of the helium into gas 

bubbles in subsurface regions of the.implanted material. Blister

ing occurs, according to one mechanism, 9
'

10 when the size and 

distribution of the bubbles allows them to overlap and coalesce; 

excess helium pressure in the bubbles then deforms the nearby 

surfaces. An alternative mechanism attributes blister formation 

to buckling of surface layers under lateral compressive stresses 

resulting from the volume increase produced by helium implanta

tion.11'12 Both mechanisms account for the existence of a helium 

concentration threshold (usually expressed as a critical implan

tation dose) 1 that must be exceeded before blisters are produced. 

Concentration thresholds for blistering increase with decreasing 

temperature as the implanted helium becomes less mobile in the 

exposed material; at low temperatures where the helium may be 

trapped as individual atoms in lattice defects, relatively high 

thresholds (>20 atom%) are required for blistering. 13 Other 

factors such as the depth of helium implantation and the surface 

characteristics and properties of the implanted material also 

influence blistering behavior. 1 Very little is known of the 

effects of concurrent exposure of the implanted material to other 

radiations that might affect surface hlistering. 
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252Cf CAPSULE EXAMINATION 

Californium-252, which decays with a 2.65-year half-life, 

97% by alpha emission and 3% by spontaneous fission, is encap-

sulated for use as a neutron source. 1 ~ The surface blistering 

was observed in a source containing initially 17.8 mg 252Cf and 

used for about two years near room temperature in an activation 

analysis facility. The 252Cf in the source was contained ~s an 

oxide deposit between two porous platinum filters within a Pt-10% 

Rh inner capsule (Figure 1). Analysis of feed used to prepare the 

source indicated the 252Cf oxiue was about 30% pure. After the 

sealing by welding, the capsule was heated for 15 min at 1000°C 

to test the weld integrity, but it experienced no subsequent 

heating during use. 

Decay of 9.35 mg of the 252Cf in the source, before destructive 

examination, exposed adjacent surfaces to about 1.2 x 10 18 alpha 

particles/cm2
, and implanted helium in concentrations ranging from 

about 3 atom % at the capsule surface to zero at the maximum depth 

of penetration of the 6.1-Mev alpha particle, about 12 ~m (Figure 2). 

The capsule surfaces were concurrently exposed to 4 x 10 16 fission 

fragments/cm 2
, which produced lattice damage ranging from about 

100 displacements per atom* at the capsule surface to zero at a 

depth equal to the maximum fission fragment range (about one-half 

the alpha particle range). 8 

* Lattice damage produced by heavy particle radiation is charac
terized by the number of atoms displaced per atom of material 
exposed (dpa). 
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Optical examinations of capsule sections after recovery of 

252 Cf and cleaning in concentrated nitric acid revealed a dark 

discoloration between the locations of the top and bottom filters, 

with an etched region showing bright facets above the expected 

location of the 252 Cf-oxide on the bottom filter (Figure 3). 

Examination in a scanning electron microscope showed well-developed 

blisters of various shapes in an area of the capsule surface ex

tending from just above the bottom filter to about 4 mm up the 

capsule wall. Areal frequency of the blisters was in the range 

10 6 
- 10 7 /cm 2

. Other blisters were observed less frequently just 

below the top filter. The machined surface under the bottom and 

top filters was free of blisters (Figure 4a). 

The sizes and shapes of the blisters depended on location. 

Just above the bottom filter, the blisters showed circular cross 

sections, ranging 1 to 10 ~ in diameter, and emerged equal or 

greater distances from the capsule surface forming ellipsoidal 

balloons (Figure 4h). Many of the circular blisters had a small 

hole at the top and some appeared to have been sheared off in 

midsection, probably by movement of the top filter during section

ing. The thickness of the blister walls could not be precisely 

measured,but appeared to be no greater than a few-tenths micrometers. 
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Areas farther away from the bottom filter displayed elongated 

blisters preferentially aligned parallel to the capsule length 

(Figures 4c and 4~. Two types of elongated blisters were apparent. 

Farthest from the filter, vertically elongated blisters were con

nected to the capsule surface at one end only. These blisters 

were about 1 ~m in width and up to 10 ~m in length; their free 

ends were generally directed away from the filter and they some.

times overlapped in tangled arrays. At intermediate distances 

from the filter, laterally elongated blisters were connected to 

the capsule surface over most of their length. The laterally 

elongated blisters were generally shorter, but wider than the 

vertically elongated blisters, but in some areas were found in 

parallel columns extending lengthwise SO to 100 ~m or more 

(Figure 5). 

Near the top filter, both circular and laterally elongated 

blisters were observed in interrelated patterns (Figure 6a). The 

laterally elongated blisters sometimes formed long columns, with 

well-defined_spacing between columns maintained by branching 

(Figure 6h) . 

Spalling of surface layers in some areas produced occasional 

bare spots ranging in size from 10 to 100 0m (Figure 7a). The bare 

spots evidently corre~ponded to the bright facets in the etched 

rP.gions observed at lower magnifications. Laterally elongated 

blisters surrounding the bare spots exhibited distinctive growth 

patterns (Figure 7b). Some areas of the capsule surface were 
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abrasively scraped clean of blisters, again probably during 

movement of the top filter during sectioning. Where such regions 

traversed a circumferential machine mark, the recessed area 

showed characteristic blisters (Figure 7c). Surface protrusions 

produced adjacent shadowed regions of fewer blisters, and the 

protrusions themselves exhibited blisters of various configurations 

(Figure 7d). 

Cross sections of blistered areas examined by optical 

metallography revealed no resolvable subsurface bubbles. The 

blistering affected only an unresolvably thin layer of surface 

material. The 252 Cf capsule suffered no obvious deterioration 

in containment integrity. 

MECHANISM OF BLISTERING 

Agglomeration of implanted helium to form blisters on 

the capsule surfaces was evidently promoted by the concurrent 

fission fragment exposure, since the concentrations of implanted 

helium were much less than required for blistering by alpha 

IJarL.ides alone. In previou:; :;tudics, platinum and stainless 

steel specimens exposed to alpha particles from 242 Cm, to 

simulate 252 Cf without concurrent fission.fragment exposure, 

showed no surface blistering at helium concentrations about 1% 

for the platinum specimens and up to 5% for the stainless steel 

specimens. 4 This absence of blistering was consistent witlt results 
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of accelerator implantation of similar materials with He ions, 

which indicated helium concentrations about 30 atom % were needed 

1 3 to produce blistering at low temperature. 

A mechanism was developed to account for the unique features 

of the blistering of 252Cf-exposed surfaces in terms of inter-

actions of the implanted helium with the lattice defects produced 

in the capsule material by the fission fragments (Figure 8). 

Impact of the fission fragments displaces lattice atoms of the 

capsule material from their equilibrium positions, forming 

vacant lattice sites (vacancies) and displaced atoms in inter-

stitial positions (interst.it.ials). Helium atoms implanted by the 

alpha particles and trapped at low temperatures in lattice 

defects 15 may also be displaced, either by direct impact or by 

destruction of lattice traps. The enhanced mobility of the helium 

atoms allows them to agglomerate, along with vacancies produced 

by the fission fragments, into helium bubbles in near-surface 

regions of the exposed specimen. In an elaboration of the previously 

a-dvanced mechanisms, 9
'

10
'

11
'.

12 it is presumed that blisters form 

to relieve lateral compressive stresses in the helium-implanted 

surface when the helium bubbles reach a size sufficient to 

initiate surface deformation. Such surface deformation, or blister-

ing, occurs by a stress-induced deposition of interstititials 

into configurations that form the blister walls. The interstitials 

around the helium bubbles agglomerate into platelets and form 

dislocation loops preferentially aligned to relieve lateral 
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compressive stresses in the implanted surface. Glide of the 

loops to the surface displaces successive layers of lattice atoms 

into the blister wall. This process is analogous to that postulated 

for spontaneous growth of filamentary whiskers on certain metal 

surfaces. 16 The helium bubble acts as a vacancy sink, ensuring 

the excess of interstitials required to form the blister wall. 

In this mechanism, reciprocally critical values of both lateral 

stress and bubble size are necessary to initiate blistering. The 

lateral stress depends principally on the concentration of implanted 

helium and the bubble size depends (at low temperatures) on the 

number of atoms displaced by the fission fragments. The low helium 

concentration required for nucleation of blisters during 252 Cf 

exposure thus results from the high number of atoms displaceJ 

by the fission fragments. 

Once nucleated, the blisters can grow by lateral extension 

of the blister bases into surrounding areas in which blistering 

thresholds are exceeded, as well as by vertical extension of the 

blister walls. Lateral growth is limited by the fission-fragment

induced transport of helium from the surrounding areas to the 

blisters, a process which presumably eliminates the critically 

large bubbles in the surrounding areas. Vertical growth, on the 

other hand, can p~oceed (given excess interstitials) as long as 

lateral stresses are maintained in the implanted surface. Pro

nounced extension of blister walls, evident especially in the 
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vertically elongated blisters. demonstrates the persistence of 

vertical growth after lateral growth of the blisters has been 

halted. 

The varying configurations of blisters along the capsule 

length are attributed to radiation intensity gradients produced 

by the 252Cf deposit located principally on the bottom filter. 

Helium implanted by alpha particles and lattice atoms displaced 

by fission fragments decrease with distance from the radiation 

source, as does the displacement-to-helium ratio (because of the 

shorter range of the fission fragments compared to that of alpha 

partlcles). The circular blisters near the hottom filter form 

in regions of relatively uniform helium and displaced atom con

centrations; the blisters nucleate uniformly and grow laterally 

in symmetrical configurations. In contrast, the elongated blisters 

farther from the filter develop in more-or-less pronounced helium 

and displaced atom gradients. The blisters nucleate progressively 

and grow laterally in elongated configurations, as the front 

demarking the blistering threshold moves up the capsule wall. 

Rapid movement of the front relative to the rate of vertical growth 

of the blisters produces the laterally elongated blisters observed 

at intermediate distances from the bottom filter. Slow movement 

of the front relative to the rate of vertical growth produces 

the vertically elongated blisters observed farthest from the filter. 

The rate of lateral growth relative to the rate of vertical growth 

depends on the ratio of displacements by the fission fragments to 
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helium implanted by the alpha particles. The decrease in this 

ratio with distance from the radiation source at one end of the 

capsule is responsible for the transition from laterally elongated 

blisters to vertically elongated blisters along the capsule wall. 

It is concluded that the low-temperature blistering of capsule 

surfaces exposed to 2 5 2 Cf alpha particles and fi.ssion fragments 

represents a surface deformation that relieves lateral compressive 

stresses developed by helium implantation. The deformation is 

initiated by fission-fragment-induced agglomeration of helium into 

subsurface bubbles and proceeds by preferential deposition of 

atoms displaced by the fission fragments into configurations that 

form the blister walls. Blister profiles depend on their relative 

rates of lateral and vertical ~rowth, which vary along the capsule 

walls in accord with the fission fragmen·t-to-alpha particle im

plantation ratios. 

A similar blistering may be expected when helium is implanted 

concurrent with the generation of high concentrations of displaced 

atoms in other complex radiation environments, such as the thermo

nuclear reactor. 

ACKNOWLEDGEMENTS 

The 252Cf capsule on which blisters were observed was obtained 

through the cooperation of A. R. Boulogne and the operating per

sonnel of the Savannah River Laboratory Californium Packaging 

Facility. Destructive examinations were conducted in the 

Californium Packaging Facility, the High Level Caves, and the 

- 11 -



Alpha Materials Facility of the Savannah River Laboratory and 

the help of each group is greatly appreciated. The author is 

also indebted to Dr. R. D. Sisson and Ms. Sara Dillich for 

technical assistance in scanning electron microscopy of blistered 

surfaces and to his many other colleagues at the Savannah River 

Laboratory and elsewhere, ~specially Prof. F. N. Rhines, 

metallurgical consultant to the Laboratory,for valuable advice 

in development of the mechanism of blistering. 

REFERENCES 

1. S. K. Das and M. Kaminsky. "Radiation Blistering in Metals 

and Alloys." p ll2 in Radiation Effects on Solid Surfaces 

(Advances in Chemistry Series 158), M. Kaminsky, Ed, 

American Chemical Society, Washington, D. C. (1976). 

2. G. L. Kulcinski, R. G. Brown, R. G. Lott, and P. A. Sanger. 

"Radiation Damage Limitations in the Design of the Wisconsin 

Tokamak Fusion Reactor." NucZ. TechnoZ, 22, 20 (1974). 

3. G. L. Kulcinski and G. A. Emmert. "First Wall Surface Problems 

for a D-T Tuka111ak Reactor," J. LVucl. Mater. 53, 31 (1974). 

4. M. Kaminsky. "Surface Effects in Controlled Nuclear Fusion." 

Crit. Rev. Solid State Sci. 6 ( 4), 433(1976). 

s: H. Wiedersich, M. Kaminsky, and K. M. Zwilsky, Eds, "Surface 

Effects in Controlled Fusion." J. NucZ. Mater. 53 (1974). 

6. W. Bauer, C. R. Fingeld, and M. Kaminsky, Eds. "Surface Effects 

in Controlled Fusion Devices." J. NucZ. Mater. 63 (1976). 

- 12 -



7. W. R. McDonell. "Surface Blistering of Materials Exposed 

to 242 Cm Alpha Radiations." ANS Trans. 21, 135 (1975). 

8. T. H. Gould and W. R. McDonell. "Radiation Damage by 2 5 2Cf 

Fission Fragments and Alpha Particles." p 387 in Radiation 

Effects and Tritium Technology for Fusion Reactors, Proc. of 

Int. Con£. held at Gatlinburg, Tenn. Oct. 1-3, 1975. USERDA 

Report CONF-750989, Vol. II, Oak Ridge National Laboratory, 

Oak Ridge, Tenn. (1976). 

9. G. M. McCracken. "The Behavior of Surfaces Under Ion 

Bombardment." Rep. Prog. Phys. 38, 241 (1975). 

10. J. H. Evans. "A Mechanism of Surface Blistering on Metals 

Irradiated with Helium Ions." J. Nucl. Mater., 61, 1 (1976). 

11. R. Behrisch, J. Bottiger, W. Eckstein, U. Littmark, J. Roth, 

and B. M. U. Scherzer. "Implantation Profiles of Low-Energy 

Helium in Niobium and the Blistering Mechanism." Appl. Phys. 

Lett. 2?, 199 (1975). 

12. E. P. EerNisse and S. T. Picraux. "Role of Integrated 

Lateral Stress in Surface Deformation of He-Implanted 

Surfaces." J. Appl. Phys. 48 (1}, 9 (1977). 

13. G. J. Thomas and W. Bauer. "Helium Implantation Effects in 

Palladium at High Doses." Radiat. Eff. 17, 221 (1973). 

14. A. R. Boulogne and J. P. Faraci. "Californium-252 Neutron 

Sources for Industrial Applications." Nucl. Teehnol.. 11, 

75 (1971). 

- 13 -



15. W. D. Wilson, M. I. Baskes, and C. L. Bisson, "Atomistics 

of Helium Bubble Formation in a Face-Centered-Cubic Metal." 

Phys. Rev. B, 13, 2740 (1976). 

16. U. Lindborg, "A Model for the Spontaneous Growth of Zinc, 

Cadmium, and Tin Whiskers." Acta Met. 24, 181 (1976) . 

- 14 -
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24.8 mm 

FIGURE l. Pt-10% Rh Inner Capsule for 252Cf Source (Schematic) 
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FIGURE 2. Cnnr.entrntinn of Tmplnnten Helium nnn I nttice 
Displacements in Capsule Surface Adjacent to 
252 Cf Oxide Deposit (Approximate) 



FIGURE 3. Inner Surface of Capsule After Recovery of 252Cf 
and Cleaning in Cuncentt'ated HN03 



a. No -Blisters Under Filter 

c. Laterally Elongated Blisters at 
Intenueuiate Distance fr..om rilter 

b. Circular Blisters Close to Filter 

d. · Vertically Elongate~ Blisters 
Far from Filter 

FIGURE 4. Surface Blisters at Various Distances from 
Bottom Filter in Capsule 



FIGURE 5. Columnar Array of Laterally Elongated Blisters 
Near Bottom Filter 



a. Interrelated Pattern of Circular 
and Laterally Elongated Blisters 

b. Columnar Array of Laterally Elongated 
Blisters Showing Definite Spacing 

FIGURE 6. Circular and Laterally Elongated Blisters Near 
Top Filter 



a. Spalling of Blistered Surface 

c. Abrasion of Blistered 
Surface 

b. Growth Pattern of Laterally 
Elongated Blisters Around 
Spalled Area 

d. Shadowing of Blistered 
Surface by Protrusion 

FIGURE 7. Irregularities on Blistered Surfaces Near Bottom Filter 
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on Surface Exposed to 252 Cf Alpha Particles and 
Fission Fragments 
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